ABSTRACT / Understanding the environmental consequences of changing water regimes is a daunting challenge for both resource managers and ecologists. Balancing human demands for fresh water with the needs of the environment for water in appropriate amounts and at the appropriate times are shaping the ways by which this natural resource will be used in the future. Based on past decisions that have rendered many freshwater resources unsuitable for use, we argue that river systems have a fundamental need for appropriate amounts and timing of water to maintain their biophysical integrity. Biophysical integrity is fundamental for the formulation of future sustainable management strategies. This article addresses three basic ecological principles driving the biogeochemical cycle of nitrogen in river systems. These are (1) how the mode of nitrogen delivery affects river ecosystem functioning, (2) how increasing contact between water and soil or sediment increases nitrogen retention and processing, and (3) the role of floods and droughts as important natural events that strongly influence pathways of nitrogen cycling in fluvial systems. New challenges related to the cumulative impact of water regime change, the scale of appraisal of these impacts, and the determination of the impacts due to natural and human changes are discussed. It is suggested that cost of longterm and long-distance cumulative impacts of hydrological changes should be evaluated against short-term economic benefits to determine the real environmental costs.
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Floodplain, riparian, and instream zones are important components of river ecosystems (Hynes 1975 , Ren and others 2000 , Décamps 1996 , Triska and others 1993 , Sparks 1995 , Naiman and Décamps 1997 . These riverine and instream zones are intimately linked to the efficient functioning of rivers, and the timing and duration of flood and low flow events largely control their existence and maintenance (Salo and others 1986 , Junk and others 1989 , Gregory and others 1991 . Among other processes, floodplain, riparian and instream zones contribute to shaping and maintaining water quality (Peterjohn and Correll 1984 , Brinson and others 1984 , Triska and others 1989 . However, a change in the natural water regime will affect the biogeochemistry of riparian and instream zones as well as their ability to cycle and mitigate nutrients fluxes originating from upstream and upslope. The effects of water regime changes on the biogeochemistry of river systems have been demonstrated at local scales (Triska and others 1993 , Pinay and others 1995 , Hedin and others 1998 , Hill and others 2000 . However, the managerial challenge is to evaluate the effects of these changes at larger scales corresponding to the entire watershed or landscape.
The watershed scale necessitates identification of fundamental principles driving nutrient-related biogeochemical processes in river ecosystems, with the goal of providing general rules of functioning that can be translated into management practices. These principles have to be simple but robust and formulated in a pragmatic way to support sustainable water management and thoughtful political decisions. In this article we define three fundamental principles driving the nitrogen cycle in river systems. In general, these principles should apply to other nutrients (Hedin and others 1998) . As examples, we analyze the consequences of water regime changes on nitrogen cycling and fluxes in riparian, floodplain, and instream zones, keeping in mind that changes in water regime also affect other intimately linked biogeochemical cycles. At the hydrosystem scale, the three fundamental principles that regulate the cycling and transfer of nitrogen in rivers are:
(1) the mode of nitrogen delivery affects ecosystem functioning, (2) increasing contact between water and soil or sediment increases nitrogen retention and processing, and (3) floods and droughts are natural events that strongly influence pathways of nitrogen cycling.
The Mode of Nitrogen Delivery Affects River Ecosystem Functioning
The first principle is related to the delivery patterns of nitrogen inputs along river corridors. River systems and their riparian zones can be viewed as open ecosystems dynamically linked longitudinally, laterally, and vertically by hydrologic and geomorphic processes (Ward 1989) . In small, forested headwater streams, particulate organic nitrogen is the main form of nitrogen transferred to the aquatic system, primarily as litter fall from the adjacent riparian vegetation (Cummins and others 1983, Minshall and others 1983) . Nitrogenfixing plants such as alder (Alnus spp.) are often found in riparian forests (Décamps 1993). They contribute large amounts of nitrogen rich organic matter, which can reach several kilograms of dry matter per square meter (Chauvet 1987) . Eventually these particulate inputs contribute to the export of dissolved organic nitrogen via surface and subsurface pathways after degradation and recycling processes have occurred (Newbold and others 1981 , Elwood and others 1983 , McClain and others 1997 , Clark and others 2000 , Stepanauskas and others 2000 . Due to their location along the edge of rivers, riparian forests also receive, recycle, and transfer large amounts of sediments and nutrients to streams (for nitrogen, it is mainly as nitrate by subsurface flow) from up-slope ecosystems (Peterjohn and Correll 1984, Lowrance and others 1995) . Fortunately, riparian zones can efficiently utilize and retain nitrate inputs from up-slope as long as the subsurface water flow intercepts roots and microorganisms. Therefore riparian zones deliver nitrogen to streams mainly as particulate organic matter.
Riparian zones also effectively utilize and retain nitrogen moving upstream in the bodies of migrating animals. In the United States Pacific Northwest, the role of millions of salmon in transferring nutrients from marine to freshwater environments has been long recognized (Juday and others 1932) . More than 95% of the Pacific salmon body mass is accumulated from the marine environment (Groot and Margolis 1991) . This material is transported and deposited in freshwater habitats where salmon spawn and die, providing an important nutrient subsidy to oligotrophic freshwater (Gresh and others 2000) and riparian ecosystems (Helfield and Naiman 2001) throughout the region.
In the floodplains of most large rivers, the main inputs of nutrients, sediment, and organic matter are mainly via surface flow from upstream (Figure 1) . Indeed, significant amounts of these materials are deposited during floods (Brinson and others 1983 , Schlosser and Karr 1981 , Lowrance and others 1986 , Grubaugh and Anderson 1989 , Brunet and others 1994 . River floodplains are recognized as important storage sites for sediments and associated nutrients mobilized from upstream catchments during floods (He and Walling 1997) . The transfer and storage of materials in flood- Figure 1 . Preferential water and nutrient movements through the riparian zones as a function of their location within the drainage basin (adapted from Tabacchi and others 1998). Arrows symbolize the main water and associated suspended and dissolved matter transfers between upland and stream via the riparian zone. Riparian zones are in white, rivers in light gray and the upland catchments in dark gray. Along small streams most of the water and associated nutrients flow from the upland via the riparian zone whenever it exists, while along larger streams the main flow direction is from the stream toward the floodplain (mainly during flood events).
